Microcomputed tomography ͑Micro-CT͒ has the potential to noninvasively image the structure of organs in rodent models with high spatial resolution and relatively short image acquisition times. However, motion artifacts associated with the normal respiratory motion of the animal may arise when imaging the abdomen or thorax. To reduce these artifacts and the accompanying loss of spatial resolution, we propose a prospective respiratory gating technique for use with anaesthetized, free-breathing rodents. A custom-made bed with an embedded pressure chamber was connected to a pressure transducer. Anaesthetized animals were placed in the prone position on the bed with their abdomens located over the chamber. During inspiration, the motion of the diaphragm caused an increase in the chamber pressure, which was converted into a voltage signal by the transducer. An output voltage was used to trigger image acquisition at any desired time point in the respiratory cycle. Digital radiographic images were acquired of anaesthetized, free-breathing rats with a digital radiographic system to correlate the respiratory wave form with respiration-induced organ motion. The respiratory wave form was monitored and recorded simultaneously with the x-ray radiation pulses, and an imaging window was defined, beginning at end expiration. Phantom experiments were performed to verify that the respiratory gating apparatus was triggering the micro-CT system. Attached to the distensible phantom were 100 m diameter copper wires and the measured full width at half maximum was used to assess differences in image quality between respiratory-gated and ungated imaging protocols. This experiment allowed us to quantify the improvement in the spatial resolution, and the reduction of motion artifacts caused by moving structures, in the images resulting from respiratory-gated image acquisitions. The measured wire diameters were 0.135 mm for the stationary phantom image, 0.137 mm for the image gated at end deflation, 0.213 mm for the image gated at peak inflation, and 0.406 mm for the ungated image. Micro-CT images of anaesthetized, free-breathing rats were acquired with a General Electric Healthcare eXplore RS in vivo micro-CT system. Images of the thorax were acquired using the respiratory cycle-based trigger for the respiratory-gated mode. Respiratory gated-images were acquired at inspiration and end expiration, during a period of minimal respiration-induced organ motion. Gated images were acquired with a nominal isotropic voxel spacing of 44 m in 20-25 min ͑80 kVp, 113 mAs, 300 ms imaging window per projection͒. The equivalent ungated acquisitions were 11 min in length. We observed improved definition of the diaphragm boundary and increased conspicuity of small structures within the lungs in the gated images, when compared to the ungated acquisitions. In this work, we have characterized the externally monitored respiratory wave form of free-breathing, anaesthetized rats and correlated the respiration-induced organ motion to the respiratory cycle. We have shown that the respiratory pressure wave form is an excellent surrogate for the radiographic organ motion. This information facilitates the definition of an imaging window at any phase of the breathing cycle. This approach for prospectively gated micro-CT can provide high quality images of anaesthetized free-breathing rodents.
I. INTRODUCTION
High-resolution imaging techniques, such as microcomputed tomography ͑micro-CT͒, allow noninvasive monitoring of disease models in small animals. Micro-CT provides threedimensional datasets, with voxel sizes ranging from 10 to 100 m, in short acquisition times. [1] [2] [3] Micro-CT has been implemented in bone imaging to provide quantitative parameters in musculoskeletal research, 4, 5 and to investigate the vasculature of excised specimens. [6] [7] [8] Although micro-CT can be applied to in vivo imaging of small animals, in vivo images of structures within the thorax and abdomen suffer from motion artifacts because of respiration-induced organ motion. This is particularly problematic in lung imaging studies, where micro-CT contrast depends on the x-ray attenuation of the lungs, which changes throughout the respiratory cycle in proportion to the amount of air in the lungs. Thus breathing results in cyclic changes in the position and density of the lungs. 9 Despite this limitation, micro-CT has been shown to permit the detection of lung tumors in mice. 10 To compensate for respiration-induced organ motion and the temporal dependence of the x-ray attenuation in the lungs, it is desirable to acquire projection data at a single point during the respiratory cycle. Using two-dimensional ͑2D͒-digital radiography, Holmes et al. performed a study using mice, rats, and guinea pigs to correlate the respirationinduced organ motion to the respiratory cycle. 11 By examining the motion of the diaphragm during the respiratory cycle, they were able to define windows during which the motion was minimized, and identify features in the respiratory cycle that could be used to trigger image acquisition.
Prospectively respiratory-gated micro-CT is one approach to reducing the artifacts that result from respiration-induced organ motion, and the associated loss of image quality ͑mo-tion induced blur͒. Cavanaugh et al. investigated lung tumors in intubated and respirated rats using an output signal from the respirator to initiate image acquisition just after peak inhalation. 12 Although lung tumors were detected, the respiration-induced motion was not eliminated in this study, as the images were acquired beginning just after peak inhalation and acquiring during exhalation over the full range of motion of the lungs ͑from peak capacity to fully deflated͒. During this portion of the respiratory cycle, the lungs, diaphragm, and ribs undergo sufficient positional changes to cause motion artifacts in the micro-CT image. Further development of this technique introduced a delay that allowed the user to choose which portion of the respiratory wave form would be used for imaging. 13 In both of these studies, the animals were intubated and ventilated. Intubating rodents is a difficult task due to the small size of the trachea and requires a specialized technique to be performed routinely. 14 Training and practice are required to avoid damaging the trachea or vocal chords, as this damage may make future intubations more difficult to perform. The success of intubating rodents is directly related to the experience and skill level of the animal handler.
Similar studies of intubated and respirated animals have been performed using cardiorespiratory-synchronous projection reconstruction magnetic resonance imaging ͑MRI͒ 15 or cardiorespiratory-synchronous micro-CT. 16 In these studies, the imaging was triggered by the cardiac cycle, but image acquisition was constrained to the period of end expiration, during which the lungs were at the lowest volume and relatively still.
Other researchers have applied a retrospective imagebased respiratory gating technique to micro-CT. Hu et al. acquired a series of x-ray images at a frame rate of 30 frames per second at each projection angle, and then used postprocessing techniques to reconstruct the volume using only the projection images acquired during the same phase of the respiration cycle. 17 This approach required no additional respiratory equipment, as the image themselves were used to determine the respiratory phase using an automated region of interest algorithm to track the organ motion. Since only a fraction of the image data was used in the final reconstruction, the x-ray dose to the animal was higher than if images were only acquired during the desired respiration phase. In addition, most currently available commercial rotatinggantry live animal micro-CT systems are unable to provide a series of images at a sufficiently high frame rate ͑i.e., at least ten frames per second͒ for each projection angle, which is required to encode the necessary ventilatory phase information. Typically, commercially available micro-CT equipment acquires images over a fixed window that is Ͼ100 ms in duration.
In this work, we present a technique for prospective respiratory gating of a micro-CT image acquisition for use with free-breathing rodents. We first characterized organ motion radiographically and correlated it to the signal obtained from our respiratory gating apparatus. Based on this information, we acquired respiratory-gated micro-CT images of freebreathing animals by defining an imaging window during the part of the respiratory cycle with the least respirationinduced organ motion ͑end expiration͒ these images were compared with the equivalent micro-CT image of the same animal acquired with an ungated image acquisition. For a single animal, we acquired images at inspiration and end expiration to show that our technique is flexible enough to image at any point in the respiratory cycle. In addition, we quantified the reduction in image blurring caused by motion of respiratory gated versus ungated acquisitions by imaging a distensible phantom designed to mimic respiratory motion.
II. METHODS

A. Respiratory gating apparatus
The respiratory gating apparatus used for this study was similar in concept to the bellows device used in clinical magnetic resonance imaging which monitors the respiratory motion of the diaphragm externally as an indicator of the respiration wave form. 18 Our apparatus differs from the bellows approach because we have the opportunity to correlate the respiratory wave form, or bellows signal, to the actual respiration-induced motion of the lungs and diaphragm, using cine projection images ͑described in the next section͒. A schematic of the apparatus used in this study is shown in Fig. 1 .
A custom-made bed was constructed from a 4.8 mm thick Lexan sheet. A 30ϫ 45 mm section was machined to a depth of 3.5 mm and covered with a thin 0.1 mm lightly stretched polyvinyl chloride membrane and secured with an airtight seal. This embedded pressure chamber was connected with 3.2 mm diameter nylon tubing ͑Nulo-seal, Imperial Eastman, Manitowoc, WI͒ to a pressure transducer ͑model 142PC01D, Honeywell International Inc., Morristown, NJ͒. Anaesthetised animals were positioned on the bed in the prone position with the pressure chamber located below the posterior end of the ribs extending into the abdominal area. During inhalation, the increase in pressure inside the chamber was converted into a proportional electrical voltage by the pressure transducer. Using a circuit described by Brauer et al., 19 the signal was filtered and amplified and when it reached a threshold value near the beginning of inspiration ͑i.e., the positive-going zero crossing͒, a comparator generated an output signal, which was sent to a programmable delay module ͑model 1835-B, W. P. Instruments, New Haven, CT͒. The transistor-transistor logic output from the delay module provided the trigger signal, which was sent to the micro-CT system to initiate image acquisition. This circuit allows the trigger signal, detected near the beginning of inspiration, to be delayed to coincide with any portion of the respiratory cycle.
We continuously monitored the respiratory wave form and output signal from the transducer module, along with the trigger signal from the programmable delay module using a PowerLab/4SP system ͑model ML750, ADInstruments, Colorado Springs CO͒. Plots of these signals were stored and displayed ͑in real time͒ using the Chart software package ͑CHART V5.0.1, ADInstruments, Colorado Springs, CO͒ on a laptop computer ͑G3, Apple Computers Inc, Cupertino, CA͒.
B. Respiratory motion assessment
We used cine digital radiography to assess the respiratoryinduced organ motion within the thorax of 16 rats. Six male Sprague-Dawley rats ͑mean mass= 600 g͒ were anaesthetized with an intraperitoneal ͑IP͒ injection of a mixture of 50 mg/ kg ketamine and 5 mg/ kg xylazine and ten Wistar rats ͑two male, mean mass= 578 g and eight female, mean mass= 311 g͒ were anaesthetized with an IP injection of a mixture of 75 mg/ kg ketamine and 0.2 mg/ kg medetomidine. All animal studies were carried out in accordance with the regulations set out by the University of Western Ontario-Council on Animal Care. Each anaesthetized animal was positioned on the bed in the prone position, with its abdomen directly over the pressure chamber.
Digital radiographs were acquired with a digital radiography system ͑Siemens Multistar, Siemens Medical Solutions, Erlangen, Germany͒. The radiographic parameters included a rate of 30 frames per second over a 6 s sequence, 90 kVp, 3 ms/frame, and a mean current of 55 mA/frame over a 20 cm field of view ͑FOV͒. A signal indicating the start of image acquisition-provided by the x-ray controller-was recorded in synchrony with the respiratory wave form and the comparator signal.
For each 6 s image sequence, a single mask image, corresponding to end expiration, was manually selected. End expiration was defined as the time point at which the lungs have completely deflated and the diaphragm is stationary for a few subsequent images. This mask image was subtracted from each image in the sequence, and two regions of interest ͑ROIs͒ were drawn on the resulting images, one covering the animal's diaphragm and the other in the background beside the animal's thorax, and the standard deviation of each was calculated for the entire sequence ͑Fig. 2͒. We used the image variance in the subtracted images to infer the organ motion by assuming that the variance due to photon statistics and the variance due to motion added in quadrature.
The standard deviation associated with respirationinduced organ motion ͑ motion ͒ was used as the true measure of organ motion and was correlated with the respiratory pressure wave form measured during image acquisition. From the motion data, the trigger point corresponding to the beginning of the region of least motion was extracted for each breath. The trigger point was then related to the respiratory pressure wave form so that the beginning of the image acquisition could be determined from the respiratory pressure waveform. This allowed future respiratory-gated micro-CT studies to be performed without gathering the radiographic organ motion information. The optimal imaging acquisition length was determined as the length of time during the period of minimal organ motion that could be reliably used as an imaging window for micro-CT studies.
C. Phantom studies
Phantom studies were performed to verify that the respiratory gating apparatus was performing properly. Using the phantom, we verified that the signal was being accepted and utilized by the micro-CT equipment, and that images were acquired during the imaging window that we selected. Furthermore, we used the phantom experiments to quantify the improvement in image quality in the gated images over equivalent ungated acquisitions.
A balloon phantom was constructed from the fingertip of a polyvinyl chloride surgical glove. Five pieces of 38 gauge copper wire ͑100 m diameter of copper, 1 cm in length͒ were aligned parallel to the long axis of the phantom, spaced evenly around the circumference and attached to the phantom with tape. The phantom was inserted into a second glove fingertip to prevent the wires from falling off or moving from their assigned positions. A schematic diagram of the phantom is shown in Fig. 3 . The phantom was attached to a ventilator ͑model SAR-830/AP, CWE Inc., Ardmore, PA͒ with pressure monitoring line ͑model MX566, Medex, Inc., Hilliard, OH͒, and positioned and immobilized on the pressure chamber. The breathing rate of the respirator was set to mimic an anaesthetized rat, with a respiratory rate of 70 breaths per minute ͑bpm͒, and the respirator was set to provide a constant volume of air. The respiratory rate for the phantom experiments was based on the mean rate observed in a subset of the rats from the motion assessment experiment described in the previous section ͑see also Table I͒ .
The respiration phantom, along with the pressure chamber, was placed inside the micro-CT system alongside an x-ray monitoring device. This device consists of a piece of radiographic screen ͑Kodak Lanex, Eastman Kodak Company, Rochester, NY͒ and a silicon PN photodiode ͑BPW21R, Vishay Intertechnology, Inc., Malvern, PA͒, wrapped in black electrical tape to eliminate ambient light signal. The respiratory wave form, pressure transducer output and trigger, and the signal from the x-ray monitoring device were recorded using the PowerLab.
Micro-CT imaging was performed using an in vivo micro-CT scanner ͑model RS9, General Electric Healthcare, London, Ontario͒. The x-ray tube has a tungsten target, with a nominal spot size of 50 m, and 1.8 mm Al-equivalent filtration. The CsI detector has an active area of 110 ϫ 55 mm and is mapped to a 35ϫ 17.5 mm charge coupled device ͑CCD͒ detector. Volume images were acquired in a 2 ϫ 2 detector bin mode, with a nominal isotropic voxel spacing of 44 m and reconstructed using a modified Feldkamp algorithm. 20 Phantom images were acquired at 80 kVp, 0.45 mA, with two frames ͑imaging windows͒ averaged together at each projection view, for a total of 200 views acquired at 1°in-crements. A 160 ms imaging window was used, representing the shortest acquisition window that can be achieved with this micro-CT system. Four image datasets were acquired: ͑1͒ ungated, stationary phantom; ͑2͒ ungated, phantom respirated at 70 bpm; ͑3͒ gated at peak phantom inflation, respirated at 70 bpm; and ͑4͒ gated at phantom deflation, respirated at 70 bpm. Using the ungated image, the wire that exhibited the largest motion artifact was identified for quantitative analysis. Each volume was manually reoriented to align the image axes with the wire that exhibited maximum motion and ten line profiles were acquired through the cross section of the wire using a cubic interpolation algorithm in MICROVIEW ͑v. 1.1.17, General Electric Medical Systems, London, Canada͒. Reorienting the volumes produced line profiles that were perpendicular to the length of the wire, ensuring measurements of the true cross-sectional diameter of the wire at each sampling location ͑instead of measurements taken at an oblique angle that may mimic motion artifacts͒. The line profiles were spaced about 400 m apart along the wire, and the profiles were taken along the direction of motion, which was approximately perpendicular to the surface of the phantom. The full width at half maximum ͑FWHM͒ for each interpolated line was determined, and the mean of the ten measurements was taken as the diameter of the wire under each set of imaging conditions. A repeated measures analysis of variance ͑ANOVA͒ analysis with Tukey's post-test was performed to determine how the FWHM of the gated images and the ungated images compared with that of the image of the stationary phantom. Comparisons were also made between the images gated at peak inflation and at deflation of the phantom.
D. In vivo respiratory-gated micro-CT
Four female Lewis rats ͑mean mass= 198.5 g͒ were anaesthetized with an IP injection of a mixture of 100 mg/ kg ketamine and 10 mg/ kg xylazine. The mean breathing rate of these anaesthetized rats was 40 bpm. Each anaesthetized animal was placed in the prone position with its abdomen over the pressure chamber inside the micro-CT system and lightly restrained with surgical tape. Imaging parameters included 80 kVp, 0.45 mA, four frames averaged together, each with a 300 ms exposure time, for a total of 210 projection views acquired at 1°increments. The entrance exposure rate was measured in air to be 190 mR/ mAs at the isocenter using a 15 cm 3 ion chamber ͑model 96035, Keithley, Cleveland, OH͒ and electrometer ͑model 617, Keithley, Cleveland, OH͒, which was used to estimate a total entrance x-ray dose of 0.19 Gy per 3D volumetric data acquisition, assuming a f factor of 0.87 cGy/ R. By monitoring the respiratory pressure wave form using the POWERLAB, a trigger point was selected corresponding to end expiration. End expiration corresponds to a plateau between breaths in the respiratory pressure wave form, which is also the period during which the respirationinduced organ motion is minimized ͑see Fig. 4͒ . Although the trigger point can be delayed to acquire images at any point in the respiratory cycle, for this group of animals we chose to image during end expiration because the organ motion is minimized at this point. Once the respiratory pressure wave-form-dependent trigger point was selected, the micro-CT scan was started, using our selected trigger signal to initiate image acquisition. A respiratory-gated image of the thorax was acquired during a 300 ms imaging window, which represents the x-ray exposure time used to form a single projection image. Four projection images were acquired during consecutive breaths ͑one image per breath͒ at each view angle and averaged together to create a single view before the gantry was rotated to the next position. An ungated image using identical imaging parameters was acquired immediately following without repositioning the animal; note that in this case the projection views were acquired asynchronously at random points in the respiratory cycle. The total imaging time was dependent on the respiration rate of each animal, and ranged from 20 to 25 min. for the gated scan. Imaging time for the ungated acquisition was 11 min. The total x-ray entrance dose to the animal was 0.38 Gy.
Following reconstruction, the 3D images were reoriented to align the long axis of the image with the major airways. Images were viewed in three ways; multiplanar reformatted ͑MPR͒ images, minimum intensity projection images, and 
The underlined values in the final two columns were omitted from the column mean and standard deviation, as the animal woke up during the experiment, and the respiratory pattern was not constant as a result.
Strain Gender
Weight ͓g͔ maximum intensity projection images. The 0.087 mm thick MPR coronal sections showed the anatomical differences between the gated and ungated acquisitions. Minimum intensity projections were obtained in a coronal view through 2.5 mm sections extending in the AP direction to visualize the airways, and the maximum intensity projection images through similar 2.5 mm sections showed the pulmonary structure.
Respiratory rate ͓bpm͔
Standard deviation ͓bpm͔
Mean delay ͓ms͔
Standard deviation ͓ms͔
To demonstrate the capability to acquire images gated to any phase in the respiratory cycle, we imaged one rat at two delay times. For this study, a single male Sprague-Dawley rat ͑mass= 290 g͒ was anaesthetized with an intramuscular injection of a mixture of 50 mg/ kg ketamine, 5 mg/ kg xylazine, and 1 mg/ kg acepromazine. The mean breathing rate of this anaesthetized rat was 93 bpm. Once anaesthetized, the rat was positioned on the respiratory gating apparatus inside the micro-CT system and lightly restrained with surgical tape. Two respiratory-gated micro-CT scans were acquired during a single imaging session-at inspiration and at end expiration. For the inspiration scan, the shortest possible imaging window was used ͑170 ms͒ and the trigger was selected such that the acquisition would occur symmetrically about the peak inspiration point. Image parameters included 80 kVp, 0.45 mA, seven frames averaged together, each with a 170 ms exposure time for a total of 210 projections. For the expiration scan, the trigger was set to occur near the beginning of the plateau between breaths when the motion was minimized. Imaging parameters for this scan included 80 kVp, 0.45 mA, four frames averaged together, each with a 300 ms exposure time, for a total of 210 projection views acquired at 1°increments. Although the scan protocols for the inspiration and end expiration scans are different, the animals received the same x-ray exposure ͑113 mAs or 0.19 Gy͒ during each scan. Scan times were 18 min for the inspiration acquisition and 13 min for the end expiration acquisition. Images were reconstructed with a nominal isotropic voxel spacing of 0.087 mm.
III. RESULTS
A. Respiratory motion assessment
Digital radiography images were collected for 16 rats and their respiratory wave forms were measured, along with the x-ray signal indicating the start of the image acquisition. The respiratory wave form for all rats was easily measured by simply positioning the pressure chamber below the abdominal area posterior to the ribs of each rat. No additional restraints were needed for the signal to be measured; the bodyweight of each rat was sufficient to create a change in pressure in the chamber and register a signal. The mean respiration rate was 76± 18 bpm ͑mean± standard deviation͒, which was unaffected by the strain, gender, body mass, or anaesthetic agent used.
Mask images corresponding to end expiration were selected for each digital radiography sequence, as shown in Fig. 2͑a͒ . On average, the mask image ͑at end expiration͒ occurred 6 ± 1.7 frames after the peak inspiration image ͑i.e., approximately 200 ms͒. After subtracting the mask image from all of the images in the digital radiography sequence, ROIs were drawn, corresponding to end expiration ͓Fig. 2͑b͔͒, and corresponding to peak inspiration ͓Fig. 2͑c͔͒. These sample images are from a female Wistar rat ͑mass 300 g, anaesthetized with the 75 mg/ kg ketamine and 0.2 mg/ kg medetomidine mixture͒, breathing with a mean respiration rate of 72± 1.3 bpm. In each image, the larger ROI is placed over the diaphragm, and the smaller ROI is in the background of the image. Organ motion between the image and the mask resulted in black and white bands in the subtracted image. In Fig. 2͑b͒ , the image appears nearly uniform, indicating that the organs in the mask image were in nearly the identical position as in the end expiration image. This shows the remarkable reproducibility of the breathing pattern and the respiration-induced organ motion between subsequent breaths. In Fig. 2͑c͒ , the lungs and diaphragm are apparent, along with some texture in the abdomen. This indicates that the abdominal organs are also affected by respiration-induced motion. Figure 4͑a͒ is a graph of the respiration-induced motion for the 6 s digital radiography sequence for the same female Wistar rat shown in Fig. 2 . The standard deviation due to motion is relative to the mask image, which was selected at end expiration. Superimposed on this plot is a series of imaging windows, 300 ms in duration, that correspond to peri- FIG. 4 . Motion assessment and correlation with the respiratory wave form acquired from a 300 g Wistar rat in vivo. ͑a͒ Plot of the standard deviation in the thorax area of the image due to respiratory motion. A 300 ms imaging window is defined during the period of least motion. ͑b͒ Plot of the corresponding respiratory wave form ͑as determined from the externally monitored pressure signal͒, with the same 300 ms imaging window superimposed.
ods of minimal respiration-induced motion. The time when the standard deviation of the motion curve reached the beginning of the plateau was chosen as the beginning edge of the window; the end of the window occurred 300 ms later. Figure 4͑b͒ shows the corresponding respiration curve measured during the digital radiography imaging sequence, with the same imaging window superimposed on the plot. From this graph, we can see how the imaging window, which corresponds to the period of the respiratory cycle with the least respiration-induced organ motion, correlates with the respiratory wave form. For all of the rats imaged, the period of minimal respiration-induced organ motion ͑relative to end expiration͒ occurred in the plateau between breaths, corresponding to the second half of the respiratory cycle. A 300 ms imaging window can be reliably inserted into the plateau between breaths to reduce artifacts due to organ motion in the image.
For each animal, the beginning of inspiration ͑occurring at time T i ͒ was detected by our gating apparatus when the voltage crossed a threshold value. The imaging window was chosen based on the organ motion curve, where T m denotes the time corresponding to the beginning of the plateau of minimized motion. The mean delay time between the beginning of inspiration and the beginning of the imaging window ͑delay= T m − T i ͒ is tabulated in Table I along with the mean respiratory rate during the 6 s digital radiography sequence. We found the respiration rate for each animal was consistent during the digital radiography image acquisition. In addition, the deviation in the delay ͑between the beginning of inspiration and the beginning of the imaging window͒, which we defined to be during the period of minimal respirationinduced organ motion, is small for most animals. To reduce the effects of the deviation in this delay value, a small buffer time should be included in the programmable delay to trigger the micro-CT image acquisition during the optimal imaging window. In addition, care should be taken to ensure that the imaging window duration is appropriate for the respiratory rate of each individual animal. The mean delay time for our population was 356.1± 107.5 ms, which indicates a substantial variation between individual animals. This indicates that the delay time will be determined on an individual basis by observing the respiratory pressure measured by the gating apparatus. From the mean deviation of the delay time ͑30.7± 21.6 ms͒, it is clear that the respiration pressure signal was found to be a reliable surrogate to the motion wave form to within 30-50 ms, and can be used to define the imaging window and trigger points in the absence of radiographic image data.
B. Phantom studies
To verify that the x-ray exposures occur only during the specific imaging window, we simultaneously observed the respiratory signal and the x-ray exposure during a phantom experiment. Figure 5 shows a 4 s sequence of the motion data ͑solid lines͒, with the x-ray signal superimposed ͑broken lines͒ for the three datasets where the phantom was moving. The x-rays were on and images were acquired while the x-ray signal was low. The x-ray signals from the three cases have different magnitudes because the selected sequences do not necessarily originate from corresponding projection angles, and the device measured a different x-ray exposure at each projection angle as the tube rotated around it. In the sequences depicted in Fig. 5 , the x-ray signal occurs in pairs, corresponding to an image acquisition of two frames averaged together, followed by a short break during which the gantry moved to the next projection angle. For the ungated image ͓Fig. 5͑a͔͒, the image acquisition occurred at random positions within the respiratory cycle. For the two respiratory-gated cases, however, ͓Figs. 5͑b͒ and 5͑c͔͒, the x-ray signal corresponds well to the point of the cycle that we were attempting to image, and subsequent images were consistently acquired at the same point in the cycle. From this plot, we conclude that the respiratory-gating apparatus is FIG. 5 . Plots of the pressure wave form produced by the motion of the phantom on the pressure chamber superimposed with the signal from the x-ray monitoring device. ͑a͒ Images acquired without respiratory gating, ͑b͒ triggered at peak inflation, and ͑c͒ triggered during end deflation.
functioning as expected, and that we are able to acquire images at the identical point in the respiratory cycle for a series of subsequent breaths.
Datasets were reconstructed to yield a 3D image with an isotropic voxel size of 44 m, and the wire with the maximum range of motion in the ungated image was identified. All of the volumes were reoriented to align the axes with the wire with the maximum motion. Ten line profiles were taken through the wire along the direction of motion ͑perpendicu-lar to the surface of the balloon phantom͒. Figure 6͑a͒ shows a slice through the volumetric image for the stationary phantom imaged without respiratory gating on the left, with the corresponding line profile through the wire shown on the right. Corresponding images and line profiles are shown in Fig. 6͑b͒ gated at peak inflation, 6͑c͒ gated at end deflation, and 6͑d͒ ungated. The full width at half maximum was determined for each measurement of the wire for each image acquisition strategy, and a repeated measures ANOVA analysis, with Tukey's post-test, was performed. The mean wire diameters were 134.9± 0.7 m for the stationary phantom ͑ungated͒, 406.4± 10.8 m for the ungated image of the phantom respirated at 70 bpm, 213.2± 2.3 m for the image gated at peak inflation, and 137.0± 1.5 m for the image gated at end deflation. The wire diameter measured from the stationary image of the phantom was not significantly different from the phantom respirated at a rate of 70 bpm and gated at end expiration ͑P Ͼ 0.05͒. The other cases were all significantly different from each other ͑P Ͻ 0.001͒. This result implies that respiratory-gated acquisitions taken when the phantom is deflated are comparable to images of the same object when it is stationary.
C. In vivo respiratory-gated micro-CT
Gated and ungated images were acquired for four Lewis rats that had a mean respiratory rate of 40± 5 bpm, which was much slower than the rate of the rats used for the respiration-induced organ motion assessment ͑75 bpm͒. We believe that the differences in respiratory rate are due to the varied anaesthetic histories of the rats studied, and their individual tolerances to the drugs administered. The four Lewis rats in the micro-CT study were younger than the others and had little or no previous exposure to anaesthetic agents. In contrast, the rats used for the motion assessment were part of other studies that involved repeated anaesthetic exposure, and as a result, may have developed some resistance to the anaesthetic agents used. Figure 7 shows a sample MPR coronal slice ͑0.087 mm thick͒ through the rat thorax from ͑a͒ respiratory-gated and ͑b͒ ungated micro-CT acquisitions of an anaesthetized, freebreathing rat. Minimum intensity projections through a 2.5 mm coronal section are shown in Figs. 7͑c͒ gated and 7͑d͒ ungated acquisitions, and maximum intensity projection images in Figs. 7͑e͒ gated and 7͑f͒ ungated acquisitions. The rat in these images was a female, mass= 202 g, and had a respiration rate of 40 bpm. The image acquisition occurred at end expiration, when the respiration-induced organ motion was minimized, corresponding to the second half of the respiratory cycle. In the respiratory-gated images, the diaphragm is clearly defined, and a number of airways and blood vessels can be detected and traced through the lungs. In the ungated images, the diaphragm position is poorly defined and appears to have two distinct positions within the thorax. The full range of diaphragm motion measured approximately 4 mm in the MPR images. In addition, the smaller structures near the periphery of the lungs are no longer visible in the ungated acquisition. Similar improvements in the image quality of the gated acquisitions were observed for the other three rats in this study. Single slices through the CT volume are shown in Fig. 8 for the single Sprague-Dawley rat imaged at inspiration and at end expiration. From the images acquired at inspiration and end expiration, it is clear that the respiratory gating technique provided good motion reduction, as noted by the clear boundary between the lung and the diaphragm and the definition of the ribs. In addition, from the coronal slices, the lungs appear larger in the inspiration phase than at end expiration, as expected. The measured CT intensity during inspiration ͑−581.0± 25.56 HU͒ was significantly less than that observed during end expiration ͑−483.1± 38.15 HU, p = 0.0042͒, indicating that lung density decreases during inspiration, as expected. Although images at peak inspiration were only acquired in one rat, we believe that the image quality that was achieved would be sufficient for a range of respiratory-gated studies of lung morphology and models of disease.
IV. DISCUSSION
A. Advantages of respiratory-gated micro-CT of freebreathing animals
In this work, we have described a respiratory gating approach for use with anaesthetized, free-breathing animals. Using free-breathing animals allows us to non-invasively acquire images at the same phase in the respiratory cycle. Due to the non-invasive nature of our technique, imaging the same animal repeatedly over time is easily achieved. Other researchers have used ventilators to force the animals to breathe at a defined rate, 12, 13 an invasive approach which requires the animals be intubated by experienced veterinary technicians. The use of an external pressure sensor avoids the need for an invasive measurement of airway pressure, which might alter the normal breathing pattern.
A second advantage of our gating apparatus is the ability to delay the signal sent to the micro-CT equipment to trigger x-rays and image acquisition. From Fig. 8 , it is clear that respiratory-gated images of free-breathing animals can be acquired at any point in the respiratory cycle using our noninvasive approach. In addition, the duration of the imaging window can be varied, depending on the respiratory rate and the desired portion of the respiratory cycle. For our micro-CT system, the imaging window can be reduced to a minimum effective exposure time of 160 ms per projection image. For most of the images shown here, taken at end expiration, we were able to use a relatively long image acquisition window of 300 ms. Shorter acquisition windows were required for the images acquired during inspiration to reduce the respiration-induced motion as much as possible, and to capture the lungs at the same degree of inflation. Shorter acquisition times will also be necessary for smaller rodents, such as mice, as their respiration rate is much higher than rats, requiring a shorter imaging window to reduce motion artifact.
Respiratory-gated micro-CT of free-breathing animals offers an additional benefit of visualizing the lungs in their natural state. For many disease models, the degree of inflation, and distensibility of the airways is an important marker for disease. By simply placing the trigger and imaging window at the appropriate point in the respiratory cycle, which for some studies is peak inspiration, the fully inflated lungs and airways can be visualized. In addition, a second acquisition obtained in end expiration will provide an image of the deflated lungs, allowing the determination of tidal volume within a free-breathing animal. FIG. 7 . Respiratory-gated micro-CT images of free-breathing anaesthetized rats, reconstructed with nominal 87 m isotropic voxels. Multiplanar reformatted coronal sections ͑0.087 mm thick slice͒ through the thorax of ͑a͒ gated, and ͑b͒ ungated acquisitions. Minimum intensity projections through 2.5 mm thick coronal sections of ͑c͒ gated, and ͑d͒ ungated acquisitions to visualize the airways. Maximum intensity projections through 2.5 mm thick coronal sections of ͑e͒ gated, and ͑f͒ ungated acquisitions to show the pulmonary vasculature. The dark streaks in the maximum and minimum intensity projections are shadows from the ribs that were included at the edge of the coronal sections. 
B. Limitations
Respiratory gating of free-breathing animals requires a steady respiration rate for the duration of the scan. Unsteady breathing, for example, bursts of quick, shallow breaths or deep sighs, are problematic because the signal initiating x rays and image acquisition no longer occurs at the same point in the respiratory cycle as in the previous projections. This implies that the imaging window will be shifted compared with the ideal imaging window location, causing the affected views to have different lung inflation levels and motion characteristics. Projection images acquired at a different phase in the respiratory cycle will degrade the image quality and suffer from motion artifacts or blur. However, the number of projections that are in phase will greatly outnumber those acquired in an unsteady breathing pattern. The overall effect will show that the respiratory-gated image, although not perfect, will have reduced motion artifacts and improved small structure conspicuity when compared to the equivalent ungated acquisition. During the studies presented, we observed that the respiratory rate seems to be more stable during the early stages of anaesthesia, and shallow, erratic breathing becomes more prevalent as the anaesthetic begins to wear off. Deep sighs, on the other hand, seem to occur randomly in the respiratory cycle with no apparent cause. For the Lewis rats used in our study, we found that deep breaths and sighs accounted for less than 1% ͑0.52% ± 0.40% ͒ of the total number of breaths over a 20-25 min micro-CT acquisition. The effect of these deep sighs can be minimized by reducing the number of projection views and decreasing the overall scan time and ensuring that the rats are well anaesthetized throughout the image acquisition. Ongoing studies in our laboratory indicate that mice are less prone than rats to deeps sighs while under anaesthetic.
Changes in the respiratory cycle are potentially problematic since the micro-CT system utilizes a trigger to initiate the image acquisition, but the duration of that acquisition is fixed. Future designs of the micro-CT scanner could implement a variable imaging window, whereby the image acquisition would start at the same trigger point, but continue until the respiratory pressure wave form exceeded a threshold value. With this respiratory feedback loop included in the design, the respiratory-gated micro-CT images should be less susceptible to anomalies in the breathing cycle, providing even better quality images for in vivo studies.
C. Applications
In this work, we have focused on respiratory-gated micro-CT of rats. Our respiratory gating apparatus can be utilized with other small animals such as mice and gerbils, or adapted by building a larger pressure bed for other animals, such as guinea pigs or rabbits. Preliminary testing of our gating equipment with mice has been successful, although a restraining strap around the abdomen was required for a good pressure signal response due to their small size.
The respiratory-gated micro-CT imaging of anaesthetized, free-breathing animals described here is a simple, yet effective means of improving the image quality and small structure conspicuity in micro-CT images of the thorax and abdomen of live animals. Pulmonary studies of rats and mice will benefit greatly from respiratory-gated imaging techniques. Researchers will be able to visualize the airways and blood vessels within the lungs, 21 detect tumors and follow treatment outcomes, and visualize edema resulting from radiation therapy, pneumonia, or other disease models. With the proposed approach, respiratory-gated images can be acquired noninvasively with minimal animal setup, as it eliminates the need for intubation prior to imaging, and can be achieved with little specialized training in animal handling techniques. This will be especially useful in studies of organs near the diaphragm ͑such as the liver͒ or peripheral to the lungs ͑such as the heart and pulmonary vasculature͒, which require gating but do not benefit from intubation.
Another application that will benefit from respiratorygated micro-CT is contrast-enhanced imaging of the vasculature. Respiratory-gated images will greatly reduce the respiration-induced motion of the heart and nearby vessels, improving the visualization of these structures. Contrast enhanced imaging of the abdomen and thorax will benefit as well, including studies of angiogenesis in tumor models in the lung, liver, or other abdominal organs. 22, 23 Image processing techniques will also be affected by the improved conspicuity of small structures within the respiratory-gated images. Computer simulations will be possible to model the branching patterns in the airways, and the elasticity and distensibility of the pulmonary tissues throughout the respiratory cycle. 24 Through computer modeling of respiratory-gated images, the differences between healthy and diseased organs can be determined for in vivo studies.
V. CONCLUSION
In this work, we developed a respiratory gating apparatus for use with anaesthetized, free-breathing rodents which is compatible with micro-CT imaging. We correlated the respiratory pressure wave form and the respiration-induced organ motion using digital cine radiography, showing that the respiratory pressure wave form is an excellent surrogate for the respiration-induced motion wave form. An imaging window was defined at end expiration, during which the respirationinduced organ motion is minimized. We found the second half of the respiratory cycle corresponding to end expiration had the least respiration-induced organ motion. We validated the respiratory gating apparatus with the micro-CT system using a balloon phantom attached to a respirator, and showed that by gating the image acquisition of the phantom respirated at 70 bpm, we significantly improved the image quality over equivalent ungated images. A qualitative improvement in image quality was observed in respiratory-gated micro-CT images of anaesthetized, free-breathing rats, in comparison to ungated images. Images of a single rat were obtained at inspiration and at end expiration to demonstrate the flexibility of our technique for imaging free-breathing rodents at any point in the respiratory cycle.
